We have examined the photosensitivity of low-spin liganded hemoglobin, myoglobin, and peroxidase, and their metal-substituted analogues, using three different metals (Fe, Mn, Co) in several oxidation states and employing a variety of diatomic or pseudo-diatomic ligands (L). We have discovered a number of photosensitive systems, and present an overall stereo-electronic classification scheme for these photodissociation reactions: Linear, formally d6, metal-ligand fragments [e.g., HbCO (4, 5) , and isocyanide-hemes show a high quantum yield for photodissociation (-I) (Q. H. Gibson, unpublished data) in contrast to a lowered value for isocyanidehemoproteins (3). This has compounded the difficulty in isolating those factors that control the quantum yield for ligand photorelease by a metalloporphyrin.
[e.g., Fe(II) + 02; Co(II) + NO] are relatively photoinert. Pho- tostability appears to correlate with the occurrence of longwavelength features in the optical absorption spectra, and the classification scheme is explained by considerations of electronic structure. The discussions are further applied to d5 systems and to low-spin d6 metalloporphyrins with nitrogenous bases as axial ligands.
The photodissociation of CO from the carboxyferroheme of carboxyhemoglobin (HbCO) has been known since the work of Haldane and Lorrain Smith, 80 years ago (1) . Sixty years later, Keilin and Hartree reported the ready photodissociation of CN-from ferroperoxidase-cyanide and ferromyoblobincyanide (2) , and Gibson and Ainsworth extended the list of photodissociable ligands to include isocyanides, 02, and NO (3) . This photolability of ferroheme complexes was contrasted with the photoinertness of liganded ferrihemes, but it has not been explicitly recognized that the reported ferroheme photodissociation quantum yields (<0) for ligand L fall into two classes: e.g., CO is highly photosensitive, with vco 1 (4, 5) , compa- rable to values for simple metal carbonyls (see refs. 6 and 7), but 02 and NO are minimally sensitive, with (PO2 -10-2 and cONo . No satisfactory explanation of this variation has been presented, nor have the variations in photolability among liganded metalloporphyrins [MPor(L)] and among liganded forms of hemoglobin [Hb(L)] and myoglobin [Mb(L)] been systematically explored. In some cases, at least, a protein environment appears to play a role; e.g., ( PCO behaves differently for MbCO and HbCO (4, 5) , and isocyanide-hemes show a high quantum yield for photodissociation (-I) (Q. H. Gibson, unpublished data) in contrast to a lowered value for isocyanidehemoproteins (3) . This has compounded the difficulty in isolating those factors that control the quantum yield for ligand photorelease by a metalloporphyrin.
In our studies of metal-substituted hemoglobins (MHb) we noted that MnHbNO and HbCO are isoelectronic, and we proceeded to confirm the resulting expectation that NO would be readily photodissociated from the manganese protein, despite the minimal photolability of HbNO (8, 9 We here discuss flash photolysis photodissociation measurements for a large number of such systems, many previously unexamined. The results so far confirm the occurrence of a dichotomy in the values of (0L, which we show to reflect the geometry and electronic structure of the metal-ligand linkage and which appears to correlate with features of the optical spectra.
MATERIALS AND METHODS
Hemoglobin and its liganded derivatives were prepared by published procedures, as were metal-substituted hemoglobins and their derivatives (8, 9) . Ligand photodissociation was observed spectrophotometrically after flash photolysis. The samples were exposed to light from a Multiblitz III electronic flash with 100-J energy input, and flash duration, (l/e) 21 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
H. Gibson, unpublished data). As a check, the photoflash was limited to the a-fl region by a 3-72 color filter and then screened by various neutral density filters, with equivalent results. It was easily possible to make observations during the flash, which is important with ligands such as oxygen and nitric oxide. In the case of oxygen, for example, when hemoglobin is equilibrated within air, the rate of the recombination reaction is about 10,000/sec, which is sufficiently greater than the rate of decay of the photoflash so that the concentration of deoxyHb closely followsthe flash profile.
In every case several concentrations of ligand were used together within several levels of light intensity. Variation in ligand concentration gives assurance that the observed rate is not determined by the photoflash, and variation of the light level, if associated within a corresponding change in extent of photodecomposition, eliminates the possibility that an observed small photoreaction is due to full breakdown of a small amount of a photosensitive contaminant, the main constituent being effectively photoinsensitive. Finally, a check was made of the directions of excursion after flashing, followed at several wavelengths to confirm that these agreed qualitatively with indications from the absorption spectra of the derivatives being examined.
The methods used do not lend themselves to the accurate determination of quantum yields, because the overlap between the photoflash and the a-fl absorption bands of the compounds studied will be somewhat different in It is also useful to consider the properties of solution metalloporphyrins, although these typically constitute a less welldefined system than the MMb(L) because they potentially possess two dissociable axial ligands. Upon irradiation of carbonyl-ferroporphyrin complexes with a nitrogenous base as sixth axial ligand, the CO is lost with fpco 1 to form the high-spin five-coordinate ferroheme-base complex, in analogy to MbCO (14, 15) . In addition, the photoreactivity of the lowspin (ferroheme)(L)2 complexes, in which L = R-NC, and CNhas been studied and in both cases the loss of one ligand, and possibly its replacement by an H20, proceeds with a quantum yield of essentially unity. Thus, the available data for solution complexes further indicate the ready photodissociability of jMLj6 metalloporphyrin systems (16) .
Interestingly, further irradiation of the (ferroheme)(L)(H20) complexes demonstrates the possible complexities associated with a mixed-ligand solution porphyrin system. The quantum yield for L = CO is also roughly unity, but for L = R-NC or CN-, sp < 10-4. In these latter cases (16) No previous photolysis studies of metalloporphyrin solutions with r > 7 have been reported, so we have examined the r = 7 five-coordinate nitrosyltetraphenylporphinatoiron(II), Fe(TPP)(NO), and six-coordinate Fe(TPP)(pyridine)(NO) and find both to be minimally photolabile. In addition, a lowtemperature photolysis study also found oxy-cobalt porphyrin (r = 9) to be photoinert. Thus, the general photostability of M-L linkage with r > 7 appears well established. Thus, we must examine the properties to be expected of the excited states of metalloporphyrins with IMLI fragments, assuming that the ligand photolability of MMb(L) is primarily determined by the lowest lying excited state of the system (6, 7) . This photoactive state may be the direct product of photon absorption, or may be populated by radiationless transitions; although it is quite possibly of different multiplicity than the ground state, at present we shall when convenient ignore the question of spin, considering only orbital configurations.
The obvious explanation for the photolability of MHb(L) systems with r = 6 parallels previous discussions of metal-ligand photodissociations in less complex inorganic molecules (6, 7; This explanation, however, requires further discussion, because neither experiment nor theory gives direct evidence of any excited states below (ir-7r*). Optical absorption measurements now place the (d4 -dm2) excitation for MbO2 and MbCN-at considerably higher energies than the lowest (or-7r*) state (24, 25) , and this assignment is supported by more recent celculations (26, 27 (22) . Second, a considerable stabilization of the M-L bond apparently arises from xr back-bonding to L from the (don dYZ) orbitals of M, with donation in turn into these d4 orbitals from the highest filled porphyrin 7r(ai., a2.) levels (23, 26, 27) ; excitation of an electron from ir(aI., a2.) to lr* should decrease M-L back-bonding. It is important to realize that, say, the Fe-CO bond energy as reflected by .AH for the association of Mb and CO is -21.4 kcal/mol, but that the binding free energy at 298 K is only -1.82 kcal/mol [standard state, I torr (133 Pa)] (20) . Thus, it would take only a minor decrease of bond strength to leave the CO effectively unbound. 1 1 Finally, we note that low-spin ferroporphyrin(B)2 complexes, in which B is a nitrogenous base (pyridine, imidazole), are not observably photosensitive (14) , although such complexes have optical spectra and orbital patterns similar to those for the r = 6 pseudodiatomic adducts (18, 31) (Fig. 1) . This difference is rationalizable if a dissociating triplet ligand-field state lies above (7r-7r*) in the former systems, but below it in the latter. However, this difference might also be rationalized by the suggestion that (7r-1r*) is the photoactive state in all these compounds. Unlike ir-acceptor ligands such as CO, nitrogenous ligands act primarily as a donors. Indeed, the recent observation that the monoadduct Fe(TPP)(CO) is low-spin, whereas the Fe(TPP)(B) complexes are thought to be high spin, has been attributed to the enhanced 7r-accepting characteristics of CO as compared to base B (32) . If ir back-bonding does not contribute to the Fe-B bond strength, then the above discussion indicates that the porphyrin (7rf*ir*) excitation should not cause the photolabilization of B.
Why do the systems with r > 7 exhibit reduced photosensitivity? One "trivial" answer would be the rapid recombination of M and L following photodissociation, but that is ruled out, at least for HbO2 and MbO2. Within less than 0.5 psec after excitation of HbO2, Shank et al. observed an absorbance that decayed with a decay constant of -2.5 psec (22) . Because this observation is independent of 02 pressure, they argued that the transient is due to absorption by a short-lived excited state, rather than to an unobservably rapid 02 dissociation followed by rapid recombination. An even more compelling argument against rapid recombination comes from the work of Austin et al. (33) . They find that the maximum rate of 02 recombination with MbO2 (kba in their notation) at 295 K is spread around a § H. B. Gray has pointed out to us that this type of situation occurs in the case of the [Co(CN)6J3-anion (28 (36, 37,tt) . Moreover, the low energy of these states should enhance their non-radiative decay, further minimizing photolability (38) . On the basis of these considerations, and the results for HbO2 (22) , and MbO2 (31), we suggest that the low photodissociation quantum yields for $MLJr, r > 7, be interpreted in terms of an initial (ir --ir*) excitation followed by a rapid (<0.5 psec) ratt Note that additional nondissociating low-lying states are obviously available for r = 7 (Fig. 1) . 
